A model of the renal medulla is formulated, taking into account the transport properties of each medullary structure, Using known data on in flow to the vascular and tubular systems and on urine output in normal man in hydropenia, and assuming medullary osmotic profiles similar to published data on hydropenic dogs, transport coefficients are calculated for each 
logists of his time, wrote that the kidney's concentrating ability was due to active reabsorption of water in the distal nephron. The counter~ current theory proposed by Wirz, Hargitay, and Kuhn (40) was readily accepted, but the nature and location of the "single effect" which drives the countercurrent mechanism is still a matter of controversy. Hargitay and Kuhn (10) in their model studies, proposed active transport of sodium in the ascending limb of Henle's loop as the "Einzeleffekt", and this is the most commonly held view today, Some authors, such as Lever (20) and
Carone, et al. (2) assert that the difference in hydrostatic pressure between the descending and ascending limb of the vasa recta is the driving force for the increasing solute concentration in the renal medulla. Pinter and Shohet (26) theorized that only the thick, upper portion of the ascending Henle loop is actively pumping sodium, while the continued increase of osmolarity in the inner medulla is a result of solute fluxes from the vasa recta.
Stephenson ( his colleagues (23, 24) used microperfusion techniques to determine the permeability of the medullary structures to water and solute in the rat.
Marsh and Segel (21) have published extensive data on the morphology and permeability of the vasa recta in the hamster.
In order to verify the mutual compatibility of diverse experimental data and to qualitatively substantiate a given view of medullary behavior, it is necessary to formulate models of the renal concentratin~ system.
Most of the models proposed heretofore included only a portion of the medullary system or did not take into account all the relevant functions of the medullary structures under consideration. Hargitay The equations used by these authors to describe their system are essentially mixing equations with weighting coefficients which, in the authors' own words, "may not necessarily be isomorphic with a physiologic process" but are used to produce a fit to experimental data, Furthermore, simplifying assumptions such as the collecting duct exchanging only water with the interstitium or that no net loss of water occurs from the Henle loop are not consistent with the known behavior of the system, Stewart, at aI, (33) have made similar simplifications regarding mass balance and active transport, Another model of the complete medullary system (6) disregards the requirements of solute mass balance and uses an inconsistent (with respect to physical units) formulation of the transport equations, The solute inbalance in each time step is used to "build up" an interstitial concentration profile from an initial value which is constant from the cortex to the papilla, The criterion for ending the computation is the attainment of concentration profiles "similar" to those observed experimentally, Since mass balance is not a requirement, the end result is not a steady state and thus does not present an acceptable description of system behavior. Jacques, Carnahan, and Abbrecht (13) Water transport V.. in ml/min across the wall of structure i at 1J medullary level j, is given by: Axial flow within each medullary structure is given by
for water, and
for solute. F~ is the fluid flow in ml/min entering level j of structure i, J and the product (F.C)~ is the solute load in ~Osm/min. Equations (3) and (4) transport increases about 2-fold from the cortex to the papilla.
Two additional sets of transport coefficients appear in equations (1) and (2) 
COMPUTATIONAL METHODS
The first step in the analytic procedure is to calculate the 10 transport coefficients using the data in Figure 1 and the assumptions described in the previous section. The transport coefficients thus obtained for the hydropenic case are assumed to be a physical characteristic of the system, and will be held constant throughout the study. The only exception to this will be in the collecting duct, where the diffusional permeability to water and solute is known to decrease with a reduction in circulating ADH (23).
In all subsequent calculations, the flows and concentrations entering the medullary structures at the cortico-medullary junction are taken as independent variables and the trial and error computation is to find a distribution of medullary osmolarity that will give zero accumulation of water and solute in the medullary interstitium. The increase of medullary osmolarity with distance into the medulla is assumed to be an S-shaped exponential curve superimposed on a linear variation whose slope is determined by the difference between the cortical and papillary solute concentration and the amplitude of the exponential curve, The mathematical expression for medullary osmolarity T at medullary level X is: x
for X < Xo (6) Xo -X ] and . 16 . Table 1 summarizes the transport coefficients calculated for the model and compares them to the available experimental data, The diffusion constants in the model (W. and S. in equations (1) and (2)) are defined as ~~ fluxes per unit concentration difference which eliminates the need to define the surface area of the medullary structures, In order, however, to compare the calculated coefficients with experimental data, an estimate must be made of surface area, A cortico-papillary length of 2 cm and diameters of 30, 12, and 75 microns were assumed for the vasa recta, Henle loop, and collecting duct, respectively, We adopt Pitts' assertion (27) that there are about 2 million nephrons in both kidneys of normal man, 14%
RESULTS
of which are involved in the countercurrent system, On the basis of Marsh and Segel's (21) data on the hamster, we take the surface area of the ascending vasa recta to be slightly more than twice that of the descending vasa recta, Examination of Table 1 
A. THE EFFECT OF CHANGING MEDULLARY BLOOD FLOW
In the first simulation study, the inflow to the vasa recta was increased in steps from 37.5 ml/min to 90 ml/min, while all the transport coefficients for the normal case and inputs to Henle's loop and the co-lecting duct remained constant, As shown in Figure 3 Girndt and Ochwadt (7) induced chronic hypertension averaging 200 mmHg in rats by clamping one renal artery. The contralateral kidney, which was unclamped and thus exposed to the increased blood pressure, had the same cortical blood flow, but a 50% increase in medullary blood flow, as compared to the clamped kidney and to normotensive control rats. The unclamped kidney also had an elevated urine excretion which the authors ascribe to the increased medullary blood flow.
Clinical conditions in which changes in blood flow induce changes in the concentrating ability of the kidney includes renal artery stenosis, in which the urine becomes more concentrated than usual. In hemorrhagic shock renal blood flow is severely curtailed but a relatively larger portion of the blood flow goes to the medulla, An oliguria of low osmolarity is the result, the oliguria being due to a reduced GFR,
B. THE EFFECT OF CHANGES IN RATE OF INFLOW TO HENLE'S LOOP
Inflow to Henle's loop was varied from 3.0 ml/min to 13.5 The peak urine concentration corresponds to a Henle loop inflow of 9.0 ml/min, considerably larger than the loop flow assumed for the normal case, but this is due to the somewhat artificial limitation that inflow to the collecting duct remains constant at 7.5 ml/min, which was set on this part of the study in order to isolate the behavior of the Henle loop. In the real situation an increased inflow to the loop of Henle is likely to be accompanied by an increased inflow to the collecting duct since distal compensation for decreased proximal reabsorption (1) is not complete. The increased duct inflow will give rise to a urine output increased in volume and decreased in concentration. Thus, for example. at a Henle loop inflow of 6.5 ml/min increasing the duct inflow from 7.5 to 7.8 ml/min will increase the urine volume from 0.92 to 1.17 ml/min and reduce the urine osmolarity from 744 to 691 mOsm/l. In the real situation, therefore. the peak urine concentration will most probably be somewhere near the normal value for Henle loop inflow.
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As indicated in Figure 4 , the model predicts that early distal solute concentration increases with increasing loop flow. This agrees with the findings of Cortney, Nagel, and Thurau (3) who perfused cortical Henle loops and measured sodium and total solute concentrations in the distal convolutions in 15 rats. Schnermann (28) made more extensive measurements in a similar series of rats and found that his data separated into two groups, one (44%) in which early distal sodium concentration increased with increasing loop perfusion, and the other (56%) in which it decreased or remained constant.
In addition to the factors cited by Schnermann that might account for this difference in behavior, back-diffusion of solute into the ascending limb of
Henle's loop may also be a contributing factor. As may be seen in . . As may be seen in Figure 6 , the effect of increasing the duct inflow is to dilute the urine output by increasing its volume. The decreased concentration in the papillary segment will allow a slightly increased water reabsorption rate and a slightly decreased solute transport. Through out the simulation of duct flow changes, active transport from the collecting duct is far below its full capacity. When, in the first simulation, a vasa recta flow of 37.5 ml/min gave rise to a sharply increased medullary osmolarity, solute concentrations in the papillary segment increased
Technion -Computer Science Department -Tehnical Report CS0061 -1975 ~25~ sufficiently to allow a pumping rate of nearly 3200 ~Osm/min while maintaining a sufficient lumen to interstitium gradient to reabsorb more than 7.4 ml/min of water.
DISCUSSION
The model presented here is a first step in a quantitative study of the renal countercurrent system. We have been able to isolate the behavior of each medullary component in terms of its contribution to overall system function. As such, the model provides the framework for studying the action of chemical or hormonal interventions, as for example diuretics, which are believed to effect single elements of the medullary system and to see how they alter the response of the complete system. In a similar manner, disease processes affecting various parts of the renal medulla can be studied to elucidate the mechanisms whereby they alter renal function.
Finally, our understanding of physiological processes such as water diuresis or various types of osmotic diureses can be enhanced by simulating the process in the model.
As was seen in the controversy regarding early distal osmolarity, the model may be used to explain possibly conflicting experimental data.
In other instances, the model calculations may serve to check the reason~ ableness of experimental observations on isolated parts of the system. Some of the model's projected behavior should be checked experimentally. Shown here are the urine flow and concentration and the peak medullary osmolarity calculated for different rates of plasma inflow to the vasa recta.
In these calculations, the transport coefficients and inputs to the Henle loop and collecting duct were held constant. In each case the medullary osmolarity increased monotonically from the cortico-medullary junction (301 mOsm/l) to the papillary tip (the value shown on the curve) . ., Water reabsorption shown here is the total for both the ascending and descending limb. 
